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Abstract 
 
Materials displaying high oxide-ion and/or proton conductivity have been attracting considerable 
interest for application as electrolytes in solid oxide fuel cells. In this respect, materials with the fluorite 
or perovskite-type structures have traditionally been targeted, but there is now growing interest in new 
structure-types. Important aspects to address are the dominant defects and mechanism of ionic 
conduction in such systems, and in this paper we highlight the benefits of a combined experimental and 
computer modelling approach to the investigation of such systems. With reference to recent work on 
apatite-type Ln9.33+x(Si/GeO4)6O2+3x/2, gallate-based Ln1-xBa1+xGaO4-x/2, and cuspidine-type Ln4(Ti2-
xGaxO8-x/2)O2 (Ln=rare earth) we discuss the conduction mechanisms in these systems, showing the 
importance of co-operative effects in the conduction process. 
 
1. Introduction 
 
The drive for increasing energy efficiency and reducing greenhouse gas emissions has garnered 
increasing support for the use of fuel cell technology, which offers the potential for applications 
ranging from transport to stationary power generation. A number of different fuel cell systems have 
been investigated, with the electrolyte being crucial in dictating the temperature of operation. In 
terms of high temperature systems (>300°C), a ceramic electrolyte is employed, and such solid 
oxide fuel cells (SOFCs) offer many benefits in terms of fuel flexibility and efficiency. A key 
requirement for an SOFC is a good ionic (O2- or H+) conductor as the electrolyte, and this has 
driven considerable research into the development of new oxide ion and proton conducting systems 
[1-4].   Traditionally perovskite and fluorite-type materials have been targeted for such applications, 
which are doped with acceptor ions to introduce oxide ion vacancies. Oxide ion conduction then 
proceeds through oxide ion “jumps” via these vacancy defects. In principle, water may be 
incorporated into the oxide ion vacancies according to equation (1), leading to the presence of 
proton defects, which are present as hydroxyl anions on oxide-ion sites.  
 
••• ↔++ ooo OHOVOH 22    (1) 
 
These protonic defects account for the proton conductivity observed in doped BaCeO3, BaZrO3 and 
related systems.  
More recently there has been growing interest in new materials showing high oxide-ion/proton 
conductivity, with many of these systems possessing structures which contain tetrahedral moieties. 
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Such systems have included solid acid proton conductors, e.g. CsH2PO4 [5,6], as well as ceramic 
materials such as Ln1-xAxMO4-x/2 (Ln=rare earth; M=Ta, Nb, P) [7,8], La1-xBa1-xGaO4-x/2 [9,10], 
cuspidine-type Ln4(Ga2-xTixO7+x/2)O2 [11-13], and apatite-type  Ln9.33+x(Si/GeO4)6O2+3x/2 [14-22]. 
Despite the growing interest in materials of this type, there is a clear need for a detailed 
understanding of the defect characteristics and the mechanisms of ion (both proton and oxide ion) 
migration.  Through discussion of recent studies of Ln9.33+x(Si/GeO4)6O2+3x/2 [23-27], La1-xBa1-
xGaO4-x/2 [10], and Ln4(Ga2-xTixO7+x/2)O2 [28], we show how a combined experimental and 
modelling approach is a powerful strategy for the rationale understanding of the characteristics of 
these systems. In particular we demonstrate the predictive nature of computer modelling with 
examples of important features highlighted by such work, which were subsequently confirmed by 
experiment.   
Several computational techniques have been employed for the modelling of the 
Ln9.33+x(Si/GeO4)6O2+3x/2, La1-xBa1-xGaO4-x/2, and Ln4(Ga2-xTixO7+x/2)O2 systems, including static 
lattice and molecular dynamics (MD) simulations (based on interatomic potentials), and density 
functional theory (DFT) calculations. Detailed discussion of these computer modelling techniques 
can be found elsewhere [29, 30]. 
 
2. Apatite-type systems: Ln9.33+x(Si/GeO4)6O2+3x/2 
 
Silicate apatites 
The apatite structure is widely known in nature, and has the general formula A10(MO4)6X2±z 
(A=rare earth, alkaline earth, Pb; M=Si, Ge, P, V; X=OH, O, halides). Traditionally it can be 
described as consisting of isolated MO4 tetrahedra, which are arranged so as to form distinct X 
anion and La channels running parallel to the c axis (figure 1a). An alternative description proposed 
by White et al. is in terms of a “microporous” framework (A(1)4(MO4)6) composed of face sharing 
A(1)O6 trigonal meta-prismatic columns, that  are corner connected to the MO4 tetrahedra (figure 
1b) [31]. This framework allows some flexibility to accommodate the remaining A(2)6X2 units.  
 
 
 
 
(a)      (b) 
 
Figure1.  Description of the apatite structure in terms of (a) isolated MO4 tetrahedra, arranged so as 
to form X anion (red) and A channels (purple) running parallel to c. (b) a framework composed of 
face sharing A(1)O6 trigonal metaprismatic columns (purple) and MO4 tetrahedra (blue). The 
remaining A(2) (purple spheres) and X anions (red) occupy the “cavities”.    
 
These systems have long attracted significant interest from the scientific community due to 
potential applications in the areas of bioceramics, waste remediation, catalysis, and luminescence. 
Their interest in the area of solid oxide fuel cells stems from initial work by Nakayama et al. 
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demonstrating high oxide ion conductivity in apatite silicates, Ln9.33+x(SiO4)6O2+3x/2 [14]. These 
initial results showing conductivities >1 x 10-3 Scm-1 at 500◦C have driven a number of groups to 
research these systems for possible applications as electrolyte materials for SOFCs, oxygen 
separation membranes and sensors (see review articles [19], and references therein). Considerable 
work has been targeted at the optimisation of the conductivity of these systems, and in this respect, 
an understanding of the conduction mechanism is important. This has proved non-trivial for the 
apatite systems due to the complex nature of their structure. In this respect, an interesting feature is 
how our understanding of this system has evolved since the initial report by Nakayama et al.. In 
particular, following initial assumptions that an oxide-ion vacancy mechanism was responsible for 
the high oxide-ion conduction, similar to conventional fluorite and perovskite-type systems, it has 
since been shown that an oxide-ion interstitial mechanism is involved [19]. The demonstration of 
the importance of oxide-ion interstitials was shown by early doping studies, which showed that high 
conductivity was favoured by the presence of oxygen hyperstoichiometry (x>0), or cation 
vacancies; the latter allowing the creation of interstitial oxide ions through promoting Frenkel-type 
disorder [15]. The nature of the interstitial site or the conduction mechanism was still not, however, 
fully understood, until a detailed modelling study was performed on the La9.33(SiO4)6O2 system 
[23].  
An important result from the modelling studies was the identification that the most energetically 
favourable interstitial oxide-ion site was at the periphery of the oxide-ion channels neighbouring the 
SiO4 units (figure 2); there was considerable relaxation of the SiO4 unit away from the channels to 
allow this interstitial site to be accommodated, accounting for the high thermal displacement 
parameters observed in neutron diffraction studies for the silicate oxygen atoms (particularly for the 
oxygen atoms sharing a face with the oxide-ion channel). Moreover, the modelling work suggested 
that the conduction followed a complex sinusoidal pathway along the c direction, being aided by 
cooperative displacements of the silicate substructure, suggesting that the flexibility of the silicate 
substructure is essential to the observed high oxide-ion conductivities.  
 
 
 
 
In addition to conduction along the c direction, a mechanism for conduction between channels (ab 
plane) has been proposed: experimental work on single crystals suggests that although the 
conduction is anisotropic, being higher along the c direction, there is also significant conduction 
along a,b (σc is about 1 order of magnitude higher than σab [19,20]). A close-inspection of the local 
structural distortions around an interstitial oxide-ion site provides an indication how inter-channel 
conduction may be mediated. The modelling studies show that the displacement of the SiO4 unit 
adjacent the interstitial site leads to reduction in the distance to a neighbouring SiO4 unit. As such, it 
has been proposed that this could effectively create a pathway, whereby an interstitial oxide-ion is 
moved between channels by a series of two cooperative “SN2”-type processes, with accompanying 
rotation of the tetrahedral [19].  
Apart from identifying the conduction pathway along the c direction, and helping to account for 
inter-channel conduction, the success of this modelling study has been highlighted by subsequent 
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Figure 2. Location of the interstitial site in 
La9.33(SiO4)6O2 at the periphery of the 
channels neighbouring the SiO4 units (from 
modelling studies [23]) 
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experimental work, which has provided support for the modelling predictions. In particular, 
structural studies of the oxygen excess systems, La9.33+x(Si/GeO4)6O2+3x/2, by Leon-Reina et al. 
reported the observation of oxygen occupancy in the interstitial oxide-ion site predicted by the 
modelling [17]. Moreover, 29Si NMR studies of a range of alkaline earth doped apatite silicates 
have shown a correlation between the 29Si NMR spectra and the conductivity, with poorly 
conducting samples demonstrating a single NMR resonance, whereas in fast ion conducting 
compositions, an extra peak was apparent; this second peak attributed to a silicate group adjacent to 
an interstitial oxygen site [24]. More recent 29Si NMR studies of the series La8+xSr2-x(SiO4)6O2+x/2 
have been employed to estimate the interstitial oxide ion content (figure 3) [32], suggesting that for 
higher oxygen contents (x>0.25), the interstitial content is enhanced through displacements of 
oxide-ions from the conventional channel site to an interstitial site, implying significant Frenkel-
type disorder (consistent with the high thermal displacement parameters observed from neutron 
diffraction studies for the channel site oxygen).  
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Computer modelling studies have also been employed to help to explain the different effects of 
dopants on the Si site versus the La site in La9.33+x(SiO4)6O2+3x/2. In this respect, Mg has been shown 
to be an ambisite dopant, with doping on the La site reducing the conductivity (e.g. σ500◦C=2 x 10-5 
Scm-1 for La9Mg0.5(SiO4)6O2), while Si site doping leads to a significant enhancement (e.g.  σ500◦C= 
3 x 10-3 Scm-1 for La9.67(SiO4)5.5(MgO4)0.5O2) [25]. Neutron diffraction studies confirmed the dual 
site doping possibilities, but due to the fact that this method only gives an average structure, it was 
not possible to deduce the origin of the difference in conductivities. Computer modelling studies 
were therefore employed, since these can be used to identify the local structural changes around the 
dopant ion. These studies showed that Mg doping on the La site leads to a dramatic change in the 
site coordination, reducing from 9 (for La) to 6 (Mg) coordination. Coupled with this coordination 
reduction, there was a change in the tilting of the adjacent SiO4 tetrahedra, such that the oxide ion 
channels see less of the O1-O3-O4 face. Overall these changes suggest a partial blocking/inhibition 
of the conduction pathway, consistent with the reduction in conductivity. In contrast Mg doping on 
the Si site, leads to the expected expansion at the MgO4 unit, with the accompanying effect of 
leading to an expansion of the channels, along with a change in tetrahedral tilting such that more of 
the O1-O3-O4 face is showing to the channel. Both these effects, as well as the ability of Mg to 
increase its coordination sphere would be predicted to be beneficial to the conduction process, in 
agreement with experimental reports.   
 
Germanate apatites 
In addition to the detailed studies of apatite-type silicates, there has been considerable interest in 
apatite-type lanthanum germanates, La9.33+x(GeO4)6O2+3x/2.  These systems have been reported to 
show lower conductivities than the silicates at low-intermediate temperatures, with higher 
conductivities at elevated temperatures [19]. An interesting feature for La9.33+x(GeO4)6O2+3x/2 is a 
Figure 3. Estimated number of 
interstitial oxide ions from 29Si NMR 
studies for the series La8+xSr2-
x(SiO4)6O2+x/2. Dotted line=expected 
interstitial oxide ion content assuming 
no additional Frenkel-type disorder. 
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change in symmetry as the La, and hence oxygen content increases. Thus samples with x<0.27 have 
been reported to display hexagonal symmetry [16,31], while higher values of x lead to a lower 
symmetry triclinic cell. This lowering of symmetry for samples with high oxygen excess is not 
ideal, as it has been shown to result in lower conductivities, most probably related to enhanced 
defect trapping in the low symmetry triclinic cell. The origin of the triclinic distortion has been 
discussed by Baikie et al. as being due to the size of the La(1)3.33+x(GeO4)6 framework being too 
large, which places extension stress on the La cation in the La(2)6O2 unit, and compression stress at 
the Ge site, which are relieved by the GeO4 tetrahedra tilting in the triclinic cell [31]. In addition the 
presence of interstitial oxide ions is also expected to enhance triclinic distortion, by contributing to 
a further expansion of the La(1)3.33+x(GeO4)6 framework. Thus, in order to reduce this triclinic 
distortion, doping strategies aimed at reducing the size of the framework are required. In this 
respect, modeling studies of dopant incorporation can provide valuable information, with such 
studies predicting that smaller rare earths, e.g. Y, Yb, should selectively substitute on this La(1) site 
rather than the La(2) site [25]. Following on from these modeling predictions we examined Y, Yb 
doping in  La9.33+x(GeO4)6O2+3x/2, with the results showing that it was possible to prepare hexagonal 
La7.33+xY2(GeO4)6O2+3x/2 for the complete range (0≤x≤0.67), with such samples showing higher 
conductivities than corresponding samples without Y doping [26]. Diffraction studies confirmed the 
location of Y in the La(1) sites as predicted. Thus these results provide further evidence for the 
powerful predictive nature of the modelling studies. 
A further interesting feature of the apatite germanates is the fact that their conductivities appear to 
be less sensitive to dopants than the corresponding silicates. Thus, whereas small cation dopants 
(e.g. Mg) or Bi on the La site are highly detrimental to the conductivities of La9.33+x(SiO4)6O2+3x/2, 
the conductivities of the similarly doped La9.33+x(GeO4)6O2+3x/2 remain high [19]. This would 
suggest a range of conduction pathways for the Ge based apatites, making the conductivity less 
sensitive to localized distortions. In order to assess this, we have performed detailed modelling 
studies for the La9.33(GeO4)6O2 (x=0) endmember [27]. Initially the location of the interstitial oxide-
ion site was investigated, with the results suggesting two equally favourable sites; the first of these 
was located at the channel periphery adjacent to a GeO4 unit similar to the interstitial site observed 
for the silicate systems, while the second site was located between 2 GeO4 units. Although on 
paper, these appear completely different sites, a close inspection of the relaxed local configurations 
revealed that they are almost identical; this shows the considerable local relaxation around an 
interstitial defect. Overall, the results therefore suggest that the incorporation of an interstitial oxide 
ion defect leads to the formation of a “Ge2O9” unit, with two 5 coordinate Ge atoms (bond distances 
vary between 1.77 and 1.92 Å). Experimental support for the presence of five-coordinate Ge has 
come from neutron diffraction studies on the oxygen excess system La10(GeO4)6O3 by Pramana et 
al. [22]. More recently, the location of oxide ions between the GeO4 units, as predicted by the 
modeling studies, has been observed in initial neutron diffraction studies from our group on Y 
doped La9.33+x(GeO4)6O2+3x/2.  
After the identification of the interstitial site, the conduction mechanism was then investigated 
using both static lattice and molecular dynamics simulations. In both cases, the conduction pathway 
along the c direction was predicted to be down the centre of the GeO4 tetrahedra via a “fan-like” 
pathway (figure 4).  Perhaps the most interesting observations, however, were that all the oxygen 
atoms (including those associated with the GeO4 tetrahedra) were mobile, and that there was 
significant conduction in the ab plane, which can be explained by the breaking and re-formation of 
the “Ge2O9” units. In both cases, the conduction process is aided by the considerable local 
relaxation of the structure and rotational motion of the GeO4 units.  The observation of a range of 
conduction pathways giving significant conduction in the ab plane, in addition to along the c 
direction, helps to explain the experimental observation of the reduced influence on the oxide ion 
conductivity of Mg and Bi dopants (on the La site) in apatite germanates, compared to their strong 
detrimental effect in the silicates: for the germanates the conduction appears to be more isotropic 
(3D) in nature (the preparation of single crystals to confirm this feature would be of high interest). 
Overall the results for the germanates suggest that a key role of the channel oxygen atoms appears 
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to be as a “reservoir” for the creation of mobile interstitial oxide-ion defects, with the migration of 
these defects being mediated by the GeO4 tetrahedra, allowing for conduction both parallel and 
perpendicular to the c direction [27].   
 
 
 
 
 
3. Oxide ion/Proton conduction in La1-xBa1-xGaO4-x/2 
 
LaBaGaO4 possesses the β-K2SO4 structure, with the Ga in a distorted tetrahedral coordination. 
Through varying the La:Ba ratio, i.e. La1-xBa1-xGaO4-x/2, it is possible to introduce oxide ion 
vacancies, leading to a significant enhancement in conductivity. Detailed conductivity 
measurements in different atmospheres showed a significant increase in the conductivities in wet 
atmospheres especially at temperatures below 650°C, indicating that these systems show proton 
conduction (σ500◦C ≈1 x 10-4 Scm-1 in wet O2 for x=0.2), confirmed by the observation of an isotope 
effect when conductivities were repeated in O2/D2O [9].  The presence of tetrahedral Ga in these 
systems raised the key question of how oxide-ion vacancies are accommodated in this material, 
since at first glance the introduction of such vacancies might be expected to result in energetically 
unfavourable three coordinate Ga, and hence limit the oxide-ion vacancy concentration. In order to 
investigate this, a combined neutron diffraction and modelling study was performed [10]. A key 
result from the modelling studies, was the prediction that the accommodation of the oxide-ion 
vacancy defects is via considerable relaxation of a neighbouring GaO4 unit, resulting in the 
formation of a Ga2O7 group; in this way, each Ga retains tetrahedral coordination (figure 5). In 
order to confirm this prediction, the neutron diffraction data was reassessed: in particular Fourier 
maps indicated that in the doped sample, La0.8Ba1.2GaO3.9 splitting of the oxygen sites was 
apparent, consistent with the presence of both GaO4 and Ga2O7 groups, in agreement with the 
modelling predictions. The mechanism of oxide-ion migration was than investigated through both 
static lattice and molecular dynamics modelling. The results showed that the lowest energy pathway 
was via the breaking and re-formation of the Ga2O7 units, via a concerted “cog-wheel”-type 
mechanism, suggesting an anisotropic conduction process dominated by conduction along the c 
direction. Furthermore, the results highlighted the significant rotational contributions from the 
tetrahedra.  
The location of the most favourable proton sites was then assessed through DFT studies, which 
suggested that the energetics of water incorporation was favourable (in agreement with the 
experimental observations of water incorporation and proton conduction). Water incorporation was 
shown to lead to a break up of the Ga2O7 units (i.e. Ga2O78- + H2O ? 2 GaO4H4- ), with similar 
proton defect energies at every oxygen position, indicating a range of possible proton sites. The 
Figure 4. “Fan-like” conduction 
pathway along c from computer 
modelling studies of La9.33(GeO4)6O2 
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proton conduction mechanism was also investigated, with the results suggesting facile inter-
tetrahedron conduction due to hydrogen bonding interactions. In contrast, intra-tetrahedron 
conduction was shown to be less favourable, suggesting that this process is the rate-determining 
step [10]. Overall, the results suggested that proton migration was more isotropic in nature, in 
contrast to the anisotropic oxide-ion conduction.  
 
 
 
 
Figure 5. Structure of La1-xBa1+xGaO4-x/2 showing the presence of a Ga2O7 defect (purple) 
 
The observation that oxide-ion vacancies are accommodated by the formation of Ga2O7 units 
suggests that similar accommodation of oxide-ion vacancies, and conduction mechanisms, may be 
present in other oxide-ion/proton conductors containing tetrahedral units, e.g. Ln1-xAxMO4-x/2 
(Ln=rare earth; M=Ta, Nb, P) [7,8]. In support of this,  31P NMR studies for  Ln1-xAxPO4-x/2 have 
suggested the presence of P2O74- units in dry atmospheres and HPO42- units in wet atmospheres [7]. 
In addition, the results suggest that systems containing M2O7 units might be targeted for new ionic 
conductors: the incorporation of additional oxide ions potentially accommodated by the break up of 
these units leading to possible significant oxide-ion conduction.  
 
4. Cuspidine-type systems: Ln4(Ga2-xTixO7+x/2)O2 
 
Cuspidine-type oxides have the ideal general formula A4(M2O7)O2 (A= rare earth, M= Al, Ga), 
while the structure can be described as consisting of chains of edge-sharing AO7/AO8 polyhedra 
interconnected through the M2O7 units. In these systems, it is possible through doping studies (e.g. 
Ge, Ti for Al, Ga) to introduce extra oxide-ions; i.e. La4(Ga2-x(Ge/Ti)xO7+x/2)O2. However, rather 
than simply breaking up the M2O7 units to give isolated MO4 units, the extra oxide-ions are 
accommodated by the  conversion of the isolated M2O7 groups into infinite chains of distorted 
trigonal bipyramids, as observed for La4(Ti2O8)O2  [13]. Experimental studies have shown that these 
cuspidine-type materials will show oxide-ion conduction, although with conductivities lower than 
fluorite, perovskite, or apatite-type systems (e.g. σ800◦C= 7 x 10-4 Scm-1  for La4(Ga1.4Ge0.6O7.3)O2 
[13]). In addition, at low temperatures (<700◦C) in wet atmospheres, proton conduction has also 
been observed [13]. In order to evaluate the oxide-ion conduction mechanism in these systems, we 
have performed a modelling study of the La4(Ti2O8)O2 endmember [28]. The results suggested that 
rather than a simple oxide-ion vacancy mechanism, as observed for the traditional fluorite and 
Ga
Ba
La
O 
O3 
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perovskite systems, a more complex co-operative vacancy hopping mechanism was involved 
(figure 7), with excellent agreement between observed and calculated activation energies. The 
results therefore show the need to consider the contribution of co-operative processes towards the 
conduction mechanism, particular for these more complicated ionic conductors. The work also 
suggested the possible presence of an interstitial oxide ion site, and raises the question can doping 
studies with higher valent (e.g. Nb, W) ions be performed to further raise the oxygen content, and 
hence the conductivity. 
 
 
 
 
In addition to the work on the oxide-ion conduction process, preliminary data on water 
incorporation was examined, with the results indicating favourable water incorporation in 
agreement with experiment [28].  
 
5. Conclusions 
 
Through work on a range of new oxide-ion/proton conductors, we have shown that computer 
modelling studies can provide valuable information on the accommodation of vacancy/interstitial 
defects and their migration. In particular, whereas diffraction techniques can only give an average 
structure, where the presence of local disorder can be inferred from atomic thermal displacement 
parameters, the modelling studies provide a more direct estimation of the local structural 
distortions. In addition, more detailed modelling (both static lattice and molecular dynamics) 
studies can provide information about the conduction pathway, which can again be used to explain 
experimental conductivity data, as well as to make predictions as to suitable dopants to optimise the 
conductivity. One important aspect, however, to remember is the need for a good model for the 
structure, and in this respect high quality neutron diffraction studies for the parent material are vital 
in deriving accurate interatomic potentials for the computer model. Thus the experimental-
modelling interaction is a synergistic one, which together can provide a complementary enhanced 
understanding of ionic conduction in solids. 
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